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Abstract
We propose a complex extension of µτ permutation antisymmetry in the neutrino Ma-
jorana matrix Mν . The latter can be realized for the Lagrangian by appropriate CP trans-
formations on the neutrino fields. The resultant form of Mν is shown to be simply related
to that with a complex (CP) extension of µτ permutation symmetry, with identical phe-
nomenological consequences, though their group theoretic origins are quite different. We
investigate those consequences in detail for the minimal seesaw induced by two strongly
hierarchical right-chiral neutrinos N1 and N2 with the result that the Dirac phase is max-
imal while the two Majorana phases are either 0 or pi. We further provide an uptodate
discussion of the ββ0ν process vis-a-vis ongoing and forthcoming experiments. Finally, a
thorough treatment is given of baryogenesis via leptogenesis in this scenario, primarily with
the assumption that the lepton asymmetry produced by the decays of N1 only matters here
with the asymmetry produced by N2 being washed out. Tight upper and lower bounds on
the mass of N1 are obtained from the constraint of obtaining the correct observed range of
the baryon asymmetry parameter and the role played by N2 is elucidated thereafter. The
mildly hierarchical right-chiral neutrino case (including the quasidegenerate possibility) is
discussed in an Appendix.
1 Introduction
The masses and mixing properties [1] of the three light neutrinos continue to intrigue. We
now know within reasonably precise ranges their two squared mass differences while from cos-
mology a fairly tight upper bound [2] of 0.23 eV has emerged on the sum of the three masses.
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The atmospheric mixing angle is now pinned around its maximal value of pi/4 and the solar
mixing angle around the tri-bimaximal value while the reactor mixing angle is known to be
significantly nonzero and close to 80. The current trend of the data [3] suggests that the Dirac
CP phase could be close to 3pi/2 but a definitive statement is yet to emerge. A specific pre-
diction on the value of the latter will be very welcome. It is not known yet whether the light
neutrinos are Dirac or Majorana in nature while relentless searches for the decisive neutrinoless
double β−decay signal continue. For the latter case the two Majorana phases of the neutrinos
also need to be predicted. Light Majorana neutrino masses can be generated by the seesaw
mechanism [4] and a minimal version [5] with just two heavy right-chiral (RH) neutrinos seems
especially attractive. Further, the formulation of a viable scheme of baryogenesis via leptogene-
sis within this scenario is a challenging task. There has also been a substantial amount of work
with discrete flavor symmetries of the light neutrino Majorana mass matrix: specifically real µτ
permutation symmetry [6] and its complex (CP) extension [7] as well as real µτ permutation
antisymmetry [8] but not the complex (CP) extension of that. This last mentioned topic will
be the subject of our attention in this paper with the aim of predicting the neutrino CP phases.
The neutrino mass terms in the Lagrangian density read
−Lνmass =
1
2
ν¯CLl(Mν)lmνLm + h.c. (1.1)
with νCLl = Cν¯Ll
T and the subscripts l,m spanning the lepton flavor indices e, µ, τ while the
subscript L denotes left-chiral neutrino fields. Mν is a complex symmetric matrix (M
∗
ν 6= Mν =
MTν ) in lepton flavor space. It can be put into a diagonal form by a similarity transformation
with a unitary matrix U :
UTMνU = M
d
ν ≡ diag (m1,m2,m3). (1.2)
Here mi (i = 1, 2, 3) are real and we assume that mi ≥ 0. We work in the basis in which
charged leptons are mass diagonal. We are motivated by a flavor-based model constructed by
Mohapatra and Nishi [12], which could accommodate a diagonal charged lepton mass matrix
as well as a CP-transformed µτ interchange symmetry. Now we can relate U to the PMNS
mixing matrix UPMNS :
U = PφUPMNS ≡ Pφ

c12c13 e
iα
2 s12c13 s13e
−i(δ−β
2
)
−s12c23 − c12s23s13eiδ eiα2 (c12c23 − s12s13s23eiδ) c13s23ei
β
2
s12s23 − c12s13c23eiδ eiα2 (−c12s23 − s12s13c23eiδ) c13c23ei
β
2
 ,(1.3)
where Pφ = diag (e
iφ1 , eiφ2 eiφ3) is an unphysical diagonal phase matrix and cij ≡ cos θij ,
sij ≡ sin θij with the mixing angles θij = [0, pi/2]. We work within the PDG convention [9] but
denote our Majorana phases by α and β. CP-violation enters through nontrivial values of the
Dirac phase δ and of the Majorana phases α, β with δ, α, β = [0, 2pi].
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Real µτ symmetry [6] for Mν implies that
GTMνG = Mν , (1.4)
where G is a generator of a Z2 symmetry effecting µτ interchange. In the neutrino flavor space
G has the form
G =
1 0 00 0 1
0 1 0
 . (1.5)
A substantial amount of phenomenological work has been done following the consequences of
(1.4). Additionally, its possible group theoretic origin from a more fundamental symmetry
such as A4 have been investigated [10]. However, this flavor symmetry leads to the prediction
that θ13 = 0 which has now been excluded at more than 5.2σ [11]. A way out was proposed [7]
in terms of its complex (CP) extension (CPµτ ) with the postulate
GTMνG = M
∗
ν . (1.6)
The above can be realized as a Lagrangian symmetry by means of a CP transformation on the
neutrino fields as
νLl → iGlmγ0νCLm, (1.7)
where l,m are flavor indices and νCLm = Cν¯
T
Lm. Detailed phenomenological consequences of
(1.6) have been investigated in Ref. [12].
Let us move on to real µτ permutation antisymmetry [8] which proposes that
GTMνG = −Mν . (1.8)
Note that the antisymmetry condition in (1.8) can written as a symmetry condition
GTMνG = Mν , (1.9)
where G = iG. Now G is a generator of Z4 symmetry since G4 = 1. A sizable amount of
work has earlier been done using [13] the real µτ antisymmetry idea – including its application
to the neutrino masses and mixing as well as its possible group theoretic origin from a more
fundamental flavor symmetry such as A5. However, the major phenomenological problem with
exact real µτ antisymmetry is that it leads to a maximal solar neutrino mixing angle θ12 = pi/4
as well as two degenerate light neutrinos – in conflict with experiment [14]. Perturbative mod-
ifications, in attempts to address these problems, unfortunately lead to a proliferation of extra
unknown parameters. It is therefore highly desirable to propose an extension of this symmetry
which is exact and therefore has the beauty of minimizing the number of input parameters.
3
This is what we aim to do in this paper by proposing a complex (CP) extension of µτ flavor
antisymmetry CPµτA and working out its various phenomenological implications. Complex
extensions of µτ symmetry [7] and scaling symmetry [15] as well as their consequences have
been worked out earlier. That is the direction of our thrust here for µτ antisymmetry.
We consider a complex (CP) extension of µτ antisymmetry (CPµτA) in the neutrino mass
matrix. We show that this extension leads to a form of Mν which is very simply related to that
of Mν for the CP
µτ case. Moreover, this form allows neutrino mixing angles that are perfectly
compatible with experiment both for a normal and for an inverted mass ordering. Addition-
ally, specific statements can be made on CP violation in the neutrino sector. The Majorana
phases α and β have to be 0 or pi while Dirac CP violation has to be maximal with the phase
δ being either pi/2 or 3pi/2. Further, reasonably nondegenerate values for the three neutrino
masses can be generated by incorporating the minimal seesaw mechanism [5] implemented
through two heavy right-chiral neutrinos NR` (` = 1, 2) with a 2×2 Majorana matrix MR. (In
case there is a third heavy Majorana neutrino, that is assumed to be much heavier and hence
totally decoupled). Definitive predictions can be made on neutrinoless double beta decay for
both types of mass ordering. Finally, a realistic scenario of baryogenesis via leptogenesis can
be drawn and an acceptable value of the baryon asymmetry parameter YB can be derived.
Though the phenomenological consequences of MCP
µτ
ν and M
CPµτA
ν are identical, we feel that
an uptodate detailed discussion of these along with some new results related to the scenario
of baryogenesis via leptogenesis will be useful.
The new features in our work are (i) the demonstration that MCP
µτA
ν and M
CPµτ
ν have
identical phenomenological consequences despite there origin from different residual symmetries
(Z4 and Z2 respectively) and (ii) the use of the minimal seesaw with two heavy righthanded
neutrinos (and consequently one massless left handed neutrino) to explore those consequences
- in particular ββ0ν decay and baryogenesis via leptogenesis. Let us highlight here what we
propose to do in this paper. We plan to discuss the complex (CP) extension of µτ antisym-
metry which has been analyzed so far in literature with its perturbative modifications only.
Then we shall show how the resultant MCP
µτA
ν is simply related to M
CPµτ
ν – the neutrino
Majorana mass matrix from the complex (CP) extension of µτ symmetry – with identical
phenomenological consequences despite the fact that their respective real components have
almost entirely different predictions. We further emphasize the fact that CPµτ and CPµτA
are implemented with different residual symmetry generators, namely Z2 and Z4 respectively.
Thus the corresponding high energy theory for these residual CP symmetries would likely be
different. We then work out the consequences of CPµτA in the framework of a minimal seesaw
which leads to a vanishing value of one of the light neutrino masses and a very constraint
range of the sum of the light neutrino masses as well. We also make an uptodate comparison
of our conclusions on ββ0ν decay with ongoing and forthcoming searches. We shall do a full
4
parameter scan of the 3 × 2 Dirac mass matrix mD in the minimal seesaw scenario using the
uptodate neutrino oscillation 3σ global fit data. This in turn will lead us to perform a detailed
computation related to the process baryogenesis via leptogenesis in our work which will result
in new interesting upper and lower bounds on the mass of N1. We shall also stress that these
bounds could be erased if we consider a mildly hierarchical RH neutrino spectrum. We shall
discuss the effect of N2 on the final baryon asymmetry YB, in particular on the obtained upper
and lower bounds on M1 from the standard N1 decay scenario.
The rest of the paper is organized as follows. In Section 2 we explain the above mentioned
complex extension CPµτA. Section 3 contains a discussion of how the neutrino mixing angles
and CP violating phases originate from CPµτA. In Section 4 we discuss the origin of the
neutrino masses from the minimal seesaw mechanism. The phenomenon of neutrinoless double
beta decay is treated in Section 5. In Section 6 we discuss baryogenesis via leptogenesis.
Constraints on our model parameter space from all these phenomena are derived by numerical
analysis in Section 7. The final Section 8 contains a discussion of our conclusions. In an
Appendix we discuss what happens to our results if the right handed neutrinos are mildly
hierarchical or quasidegenerate in mass.
2 Complex extension of µτ antisymmetry
We propose a complex extension of (1.8), namely
GTMνG = −M∗ν , GTMνG = M∗ν . (2.1)
The complex invariance condition in (2.1) can be obtained by the means of a CP transformation
[16] on the neutrino fields as
νLl → iGlmγ0νCLm. (2.2)
As we will see, since the real part of the resultant complex matrix exhibits µτ antisymmetry,
we call the implemented CP symmetry as a complex extended µτ antisymmetry or simply
complex µτ antisymmetry. This complex µτ antisymmetry CPµτA, generated by G, needs to
be broken in the charged lepton sector. Given that our charged lepton mass matrix M` is
diagonal, a replacement of Mν by M` in (2.1) would immediately lead to the unacceptable
result mµ = mτ . There is an additional desirable reason for breaking CP
µτA in M`. A nonzero
Dirac CP violation is equivalent to
Tr [Hν , H`]
3 6= 0, (2.3)
where the hermitian combinations are introduced as Hν = M
†
νMν , H` = M
†
`M` [17]. A
common CP symmetry G in both the sectors would imply
GTHTν G∗ = Hν , GTHT` G∗ = H`. (2.4)
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From (2.4) it follows that Tr[Hν , H`]
3 = 0 which leads to sin δ = 0 i.e. a vanishing Dirac CP
violation. Though this is still a possibility, it goes against the current trend of the data [3].
The most general structure of Mν that satisfies the CP
µτA condition (2.1) can be worked out
to be
MCP
µτA
ν =
 iA B −B
∗
B C iD
−B∗ iD −C∗
 , (2.5)
where A,D are real and B,C are complex mass dimensional quantities which are a priori
unknown. The matrix MCP
µτA
ν can also be written as
MCP
µτA
ν =
 0 B1 −B1B1 C1 0
−B1 0 −C1
+ i
A B2 B2B2 C2 D
B2 D C2
 , (2.6)
where B = B1 + iB2 and C = C1 + iC2 with B1,2 and C1,2 being real. Note that the real
part of the matrix in (2.6) is invariant under µτ antisymmetry while the imaginary part is µτ
symmetric. Thus the entire source of corrections here to real µτ antisymmetry arises from the
imaginary µτ symmetric part.
Here we make the interesting observation that iMCP
µτA
ν yields a neutrino Majorana mass
matrix that is complex µτ symmetric since
iMCP
µτA
ν =
 −A iB −iB
∗
iB iC −D
−iB∗ −D −iC∗
 ≡MCPµτ .ν (2.7)
This is since
GT (iMCP
µτA
ν )G = (iM
CPµτA
ν )
∗. (2.8)
Therefore the phenomenological consequences of a complex (CP) µτ symmetric form of Mν
and a complex antisymmetric form of the same would be identical. Nevertheless, we deem
it worthwhile to give a detailed updated discussion of its phenomenological consequences and
highlight some new effects such as the role of another heavy RH neutrino N2 on the process
of baryogenesis via leptogenesis in a standard N1-leptogenesis scenario.
3 Neutrino mixing angles and phases from MCP
µτA
ν
Eqs. (1.2) and (2.1) together imply [7] that
GU∗ = Ud˜, (3.1)
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where
d˜lm = ±δlm. (3.2)
Let us take
d˜ = diag (d˜1, d˜2, d˜3), (3.3)
where each d˜i (i = 1, 2, 3) can be +1 or −1. Eq. (3.1) can explicitly be written, by taking G
equal to i times G as given in (1.5), namelyiU
∗
e1 iU
∗
e2 iU
∗
e3
iU∗τ1 iU∗τ2 iU∗τ3
iU∗µ1 iU∗µ2 iU∗µ3
 =
d˜1Ue1 d˜2Ue2 d˜3Ue3,d˜1Uµ1 d˜2Uµ2 d˜3Uµ3
d˜1Uτ1 d˜2Uτ2 d˜3Uτ3
 (3.4)
which is equivalent to six independent equations:
iU∗e1 = d˜1Ue1, iU
∗
e2 = d˜2Ue2, iU
∗
e3 = d˜3Ue3. (3.5)
iU∗τ1 = d˜1Uµ1, iU
∗
τ2 = d˜2Uµ2, iU
∗
τ3 = d˜3Uµ3. (3.6)
In order to calculate the Majorana phases in a way that avoids the unphysical phases, it is
useful to construct two rephasing invariants [18]
I1 = Ue1U∗e2, I2 = Ue1U∗e3. (3.7)
By using (3.5), I1,2 can be written as free of the unphysical phases, namely
I1 = d˜1d˜2U∗e1Ue2, I2 = d˜1d˜3U∗e1Ue3. (3.8)
After equating the two different expressions for I1,2 in (3.7) and (3.8), we obtain
I1 = c12s12c213e−i
α
2 = d˜1d˜2c12s12c
2
13e
iα
2 , (3.9)
I2 = c12s13c13ei(δ−
β
2
) = d˜1d˜3c12s13c13e
−i(δ−β
2
). (3.10)
Eqs.(3.9) and (3.10) imply
eiα = d˜1d˜2, e
2i(δ−β/2) = d˜1d˜3 (3.11)
Thus
d˜1d˜2 = +1⇒ α = 0, d˜1d˜2 = −1⇒ α = pi, (3.12)
d˜1d˜3 = +1⇒ δ − β
2
= 0, d˜1d˜3 = −1⇒ δ − β
2
= pi/2. (3.13)
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Taking the modulus squared of the third equality in (3.6), namely |Uτ3| = |Uµ3|, we obtain
c223 = s
2
23 (3.14)
which implies θ23 = pi/4, i.e. a maximal atmospheric mixing. Incorporating this last result,
the modulus square of the first or the second equality in (3.6) leads after some algebra to the
relation
2c12s12c13s13 cos δ = 0. (3.15)
Given the experimentally observed nonvanishing values for all the mixing angles, (3.15) leads
to a maximal Dirac CP-violation
cos δ = 0 i.e. δ = pi/2 or 3pi/2. (3.16)
It then follows from (3.13) that
d˜1d˜3 = +1⇒ β = pi, d˜1d˜3 = −1⇒ β = 0. (3.17)
We can summarize our results on α, β and cos δ in Table 1.
Table 1: Predictions on the CP phases
d˜1 d˜2 d˜3 d˜1d˜2 d˜1d˜3 α β cos δ
1 1 1 1 1 0 pi 0
1 -1 1 -1 1 pi pi 0
1 1 -1 1 -1 0 0 0
1 -1 -1 -1 -1 pi 0 0
4 Origin of neutrino masses from a minimal seesaw
We now discuss the realization of the complex extended µτ antisymmetric mass matrix MCP
µτA
ν
through the minimal seesaw mechanism [5] mentioned earlier. This mechanism makes use of
two heavy right chiral neutrino fields NRi (i = 1, 2) with a Majorana mass matrix MR. We
work in a basis in which MR is real, positive and diagonal [19], i.e., MR = diag (M1,M2),
M1,2 > 0. With mD as the Dirac mass matrix, the neutrino mass terms read
−Lν,Nmass = N¯Ri(mD)iαlLα +
1
2
N¯Ri(MR)ijδijN
C
Rj + h.c., (4.1)
where lLα =
(
νLα eLα
)T
is the SM lepton doublet of flavor α. The effective light neutrino
mass matrix is given by the standard seesaw relation
Mν = −mTDM−1R mD. (4.2)
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In this case (2.1) is satisfied through the symmetry transformation on mD as
mDG = −im∗D, (4.3)
so long as M−1R is real. The most general form of mD that satisfies (4.3) can be parametrized
as
mD =
(√
2a1e
ipi/4 b1e
iθ1 ib1e
−iθ1
√
2a2e
ipi/4 b2e
iθ2 ib2e
−iθ2
)
, (4.4)
where the parameters a1,2, b1,2 and θ1,2 are real.
The form of the effective light neutrino mass matrix Mν that now emerges is given below:
MCP
µτA
ν = −2i(x
2
1 + x
2
2) −
√
2eipi/4(x1y1e
iθ1 + x2y2e
iθ2) −i√2eipi/4(x1y1e−iθ1 + x2y2e−iθ2)
−√2eipi/4(x1y1eiθ1 + x2y2eiθ2) −(e2iθ1y21 + e2iθ2y22) −i(y21 + y22)
−i√2eipi/4(x1y1e−iθ1 + x2y2e−iθ2) −i(y21 + y22) e−2iθ1y21 + e−2iθ2y22
 .
(4.5)
In (4.5) we have introduced new real parameters x1,2 and y1,2 which are obtained by scaling
a1,2 and b1,2 with the square roots of the respective RH neutrino masses M1,2, i.e.
a1,2√
M1,2
= x1,2,
b1,2√
M1,2
= y1,2. (4.6)
The lightest neutrino mass, either m1 for a normal mass ordering or m3 for an inverted mass
ordering, has to vanish since det MCP
µτA
ν = 0. Furthermore, one of the phases of Mν (say θ1)
can be rotated by the phase matrix Pφ = diag (1, e
iφ, e−iφ) with the choice θ1 = −φ. Thus
we are left with only the phase difference θ2 − θ1 in Mν . We can now rename θ2 − θ1 as θ.
Without loss of generality, this is also equivalent to the choice θ1 = 0 and θ2 = θ in mD. From
now on we shall use this redefined phase θ for both Mν and mD.
5 Neutrinoless double beta decay
The rare ββ0ν process can arise from the following decay of of a nucleus
(A,Z) −→ (A,Z + 2) + 2e−. (5.1)
In (5.1) lepton number is violated by two units. Unlike in neutrinoful double β−decay, which
is a sequence of two single β−decays, final state neutrinos are absent in the ββ0ν process.
The latter can go through via an appropriate neutrino loop only if the light neutrinos have
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Majorana masses. Therefore any observation of such a decay will unambiguously establish the
Majorana nature of the light neutrinos. The half-life, corresponding to ββ0ν decay, can be
expressed as
1
T 0ν1/2
= G|Mee|2|M|2m−2e . (5.2)
Here G is the two-body phase space factor and Mee is the (1,1) element of the effective light
neutrino mass matrix Mν , cf.(1.1). Moreover, M is the nuclear matrix element (NME) and
me is the electron mass. Mee can be written within our convention as
Mee = c
2
12c
2
13m1 + s
2
12c
2
13m2e
iα + s213m3e
i(β−2δ). (5.3)
Significant upper limits on |Mee| are available from ongoing search experiments for ββ0ν
decay. KamLAND-Zen [20] and EXO [21] had earlier constrained this value to be < 0.35 eV.
But the most impressive upper bound till date is provided by GERDA phase-II data [22]:
Mee < 0.098 eV. As explained in Sec.3, we have four sets of values for the three CP violating
phases α, β, δ in the neutrino sector corresponding to the four independent d˜ matrices. Fur-
thermore, we need to consider both kinds of light neutrino mass ordering: normal and inverted.
Thus we shall have eight sets of predictions for |Mee| from our modelled Mν . These will be
detailed in our section on numerical analysis.
At this stage it may be useful to point out how (5.3) simplifies in our model for the specific
cases of normal and inverted mass ordering subject to the condition given in eqn.(3.16). For a
normal mass ordering, we have m1 = 0 and further
α = 0, β = 0; α = pi, β = pi : |Mee| =
(
s412c
4
13m
2
2 + s
4
13m
2
3 − 2s212s213c213m2m3
)1/2
(Normal),(5.4)
α = 0, β = pi; α = pi, β = 0 : |Mee| =
(
s412c
4
13m
2
2 + s
4
13m
2
3 + 2s
2
12s
2
13c
2
13m2m3
)1/2
(Normal).(5.5)
Note that the value of |Mee| becomes somewhat less here since the terms involving m3 are
suppressed by the powers of s13. For an inverted mass ordering, m3=0 and |Mee| becomes
independent of β and δ. Indeed, we have
α = 0 : |Mee| = c213
(
c412m
2
1 + s
4
12m
2
2 + 2c
2
12s
2
12m1m2
)1/2
(Inverted), (5.6)
α = pi : |Mee| = c213
(
c412m
2
1 + s
4
12m
2
2 − 2c212s212m1m2
)1/2
(Inverted). (5.7)
Since ∆m221 << |∆m232|, in this case we can assume m1 ≈ m2 ≈
√
|∆m232|. Thus, for the two
allowed values of α, we have
α = 0 : |Mee| '
√
|∆m232|c213 (Inverted), (5.8)
α = pi : |Mee| '
√
|∆m232|c213[{1− 2s212}2] (Inverted). (5.9)
We see that |Mee| for α = pi is suppressed here relative to its value in the α = 0 case.
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6 Baryogenesis via leptogenesis
To start with, we recall the observed range of YB = (nB−nB¯)/s − the ratio of baryonic minus
antibaryonic number density to the entropy density – namely
8.55× 10−11 < YB < 8.77× 10−11. (6.1)
CP violating decays from heavy Majorana neutrinos that are out of equilibrium generate a
lepton asymmetry [23–25]. The latter is later converted into a baryon asymmetry by sphaleron
transitions [26]. The appropriate part of the Lagrangian for the process can be written as
−L = λiαN¯Riφ˜†lLα + 1
2
N¯Ri(MR)ijδijN
C
Rj + h.c., (6.2)
where φ˜ = iτ2φ
∗, with φ =
(
φ+ φ0
)T
being the Higgs doublet. The possible decays of Ni
from (6.2) are Ni → e−αφ+, ναφ0, e+αφ−, and νCα φ0∗. The CP asymmetry parameter εαi , that
is a measure of the required CP violation, arises from the interference between the tree level,
one loop self energy and one loop vertex diagrams [23] for the decay of Ni. It has the general
expression [27]
εαi =
1
4piv2hii
∑
j 6=i
{
Im[hij(mD)iα(m
∗
D)jα]g(xij) +
Im[hji(mD)iα(m
∗
D)jα]
1− xij
}
, (6.3)
where hij ≡ (mDm†D)ij , 〈φ0〉 = v/
√
2 (so that mD = vλ/
√
2) and xij = M
2
j /M
2
i . In addition,
the loop function g(xij) has the standard expression
g(xij) =
√
xij
1− xij + f(xij) (6.4)
with
f(xij) =
√
xij
[
1− (1 + xij) ln
(1 + xij
xij
)]
. (6.5)
Before proceeding further in the calculation of εαi in our scenario, we need to address
some important issues related to leptogenesis. For hierarchical RH neutrino masses M2 M1
(some discussion of the mildly hierarchical RH neutrino case including quasidegenerate masses
is given later in the Appendix), it can be shown that only the decays of N1 matter for the
creation of lepton asymmetry while the latter created from the heavier neutrinos gets washed
out [28] significantly. Therefore, in general, only εα1 is the pertinent quantity in a hierarchical
leptogenesis scenario. Nevertheless, there are certain circumstances in which the decays of N2,3
do affect the final baryon asymmetry [31, 32]. Furthermore, flavor plays an important role in
the phenomenon of leptogenesis [29,30]. Assuming the temperature scale of the process to be
T ∼ M1, the rates of the charged lepton Yukawa interaction categorize leptogenesis into the
following three categories.
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1) Unflavored leptogenesis: T ∼ M1 > 1012 GeV, when all interactions with all flavors are
out of equilibrium: In this case all the flavors are indistinguishable; therefore the total CP
asymmetry is a sum over all flavors, i.e. ε1 =
∑
α ε
α
1 and the final baryon asymmetry YB is
proportional to ε1.
2) τ -flavored leptogenesis: 109 GeV < T ∼ M1 < 1012 GeV, when only the τ flavor is in
equilibrium and hence distinguishable. In this regime there are two pertinent CP asymmetry
parameters; ετ1 and ε
(2)
1 = ε
e
1 + ε
µ
1 . The final baryon asymmetry YB may be approximated
as [29]
YB ' − 12
37g∗
[
ε
(2)
1 η
(417
589
m˜2
)
+ ετ1η
(390
589
m˜τ
)]
, (6.6)
where the washout masses m˜2,τ and ε
(2)
1 are defined as
m˜2 = M
−1
1
(|(mD)1e|2 + |(mD)1µ|2) , m˜τ = M−11 |(mD)1τ |2, ε(2)1 = ∑
α=e,µ
εα1 = ε
e
1 + ε
µ
1 . (6.7)
In order to know the nature of the washout processes, it is convenient to define two washout
parameters K2,τ = m˜2,τ/10
−3 relevant to this mass regime. Further, η(m˜2) and η(m˜τ ) are the
efficiency factors that account for the inverse decay and the lepton number violating scattering
processes while g∗ is the number of relativistic degrees of freedom in the thermal bath having
a value g∗ ≈ 106.75 in the SM.
3) Fully flavored leptogenesis: T ∼ M1 < 109 GeV, when in addition to the τ flavor, the µ
flavor is also in equilibrium − thus all the three flavors are distinguishable. Again for the
evaluation of the final baryon asymmetry YB in this regime, we make use of the approximate
analytic formula for YB presented in Ref. [29]. In the T ∼ M1 < 109 GeV regime, YB is well
approximated by
YB ' − 12
37g∗
[
εe1η
(151
179
m˜e
)
+ εµ1η
(344
537
m˜µ
)
+ ετ1η
(344
537
m˜τ
)]
, (6.8)
where the washout masses m˜α are defined as
m˜α =
|(mD)1α|2
M1
, α = e, µ, τ . (6.9)
We now focus on the calculation of the quantities related to the leptogenesis in our model.
The flavor sum over α leads the first term in the RHS of (6.3) to be proportional to Im(hij)
2
and the second term to vanish. This is since∑
α
Im[hji(mD)iα(m
∗
D)jα] = Im[hjihij ] = Im[hjih
∗
ji] = Im|hji|2 = 0. (6.10)
In fact, in our model the matrix h = mDm
†
D is real as given by
h =
(
2(a21 + b
2
1) 2(a1a2 + b1b2 cos θ)
2(a1a2 + b1b2 cos θ) 2(a
2
2 + b
2
2)
)
. (6.11)
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Therefore the flavor summed CP asymmetry parameter ε1 =
∑
α ε
α
1 vanishes, i.e., unflavored
leptogenesis does not occur in this complex (CP) extended µτ antisymmetry scheme. Using
(4.4) and (6.3), the flavored CP asymmetries can be calculated to be
εe1 = 0, ε
µ
1 = −
g′(x12)
4piv2
[
(a1a2 + b1b2 cos θ)b1b2 sin θ
a21 + b
2
1
]
= −ετ1 , (6.12)
where g′(x12) is given by
g′(x12) = g(x12) + (1− x12)−1. (6.13)
It is useful to simplify (6.13) for a hierarchical RH neutrino scheme to
g′(M22 /M
2
1 ) = −
3
2
M1
M2
− M
2
1
M22
. (6.14)
Now in our minimal seesaw scheme, assuming a specific hierarchy of the RH neutrino masses,
namely M2/M1 ' 103, the final YB is calculated from (6.12), (6.6) and (6.8) to be
YB ' 12
37g∗
εµ1
[
η
(390
589
m˜τ
)
− η
(417
589
m˜2
)]
(6.15)
for the τ−flavored regime and
YB ' 12
37g∗
εµ1
[
η
(344
537
m˜τ
)
− η
(344
537
m˜µ
)]
(6.16)
for the fully flavored regime.
In our primary analysis, the effect of the heavy neutrino (N2) on the produced final baryon
asymmetry has been neglected with the assumption that the asymmetry produced by the
decays of N2 get washed out [28]. We now give a brief discussion on how the heavy neutrino
N2 can affect the final baryon asymmetry YB. As elaborated below, there are two ways in which
the effect of N2 might arise: indirect and direct. We first discuss the indirect effect. Though the
neutrino oscillation data are fitted with the rescaled parameters of (4.6), in order to compute
the quantities related to leptogenesis such as εα1 , we need to evaluate the parameters of the
Dirac mass matrix elements. Given a set of rescaled parameters, the latter can be generated
by varying M1,2 in (4.6). It is thus interesting to see whether the final baryon asymmetry
is affected by the chosen mass ratios of the RH neutrinos. We find that the final YB is not
particularly sensitive to M2. A relook at (6.14) reminds us that the second term is suppressed
compared to the first term, since the former is of the order of x−112 . Thus, taking only the
first term of (6.14) into consideration, the flavored CP asymmetry parameters of (6.12) can be
simplified in terms of the rescaled parameters of (4.6) as
εµ1 =
3M1
8piv2
[
(x1x2 + y1y2 cos θ)y1y2 sin θ
x21 + y
2
1
]
= −ετ1 . (6.17)
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Since all rescaled parameters in (6.17) are fixed by the 3σ oscillation data, εµ,τ1 are prac-
tically insensitive to the value of M2. Nevertheless, for a precise numerical computation of
the final baryon asymmetry, we need to take into account the effect of the second term in
(6.14). The sensitivity of YB to the magnitude of the second term of (6.14) for different mass
hierarchical schemes of the RH neutrinos will be discussed in detail in the numerical Section
7.
We now turn to discuss the direct effect of N2. We have so far focused on the lepton
asymmetry produced by the decay of the lightest of the heavy neutrinos. It is shown in Ref. [32]
that, due to a decoherence effect, the amount of lepton asymmetry, generated by N2 decays,
gets protected against N1-washout. The latter therefore survives down to the electroweak scale
and contributes to the final baryon asymmetry. For this procedure to work out, two washout
parameters ∆1 = h11M
−1
1 m
∗−1 and ∆2 = h22M−12 m
∗−1 must satisfy the condition
∆1  1 and ∆2 6 1 (6.18)
with m∗ = 1.66
√
g∗piv2/MPl ≈ 10−3 eV. Here ∆1  1 indicates that very fast N1 interactions
destroy the coherence among the states produced by N2; hence a part of the lepton asymmetry
produced by N2 becomes blind to the N1-washout and survives orthogonal to N1-states. On
the other hand, a mild washout of the lepton asymmetry, produced by N2 due to N2-related
interactions, is represented by the ∆2 6 1 condition. For such a mild washout scenario, a
sizable lepton asymmetry generated by N2 survives through the N1-leptogenesis phase and
hence contributes to the final baryon asymmetry. We shall elaborate on the validity of these
conditions in our model in the following section.
7 Numerical analysis: methodology and discussion
In order to check the viability of our theoretical assumptions and consequent outcomes, we
present a numerical analysis in substantial detail. Our method of analysis and organization
are as follows. First, we utilize the 3σ values of the globally fitted neutrino oscillation data
presented in Table 2 to constrain the parameter space in terms of the rescaled parameters
defined in (4.6). For numerical computation, we make use of the exact analytical formulae
for the light neutrino masses and mixing angles presented in Ref. [33]. It is seen that, in this
complex extended µτ antisymmetry scheme, an appreciable region of the of parameter space
could be well fitted within the 3σ range of the global oscillation data (see Fig.1) for each of
the mass orderings.
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Figure 1: Rescaled parameter space for both the mass orderings. The plots in sky blue (deep blue) color
represents the parameter space for normal (inverted) mass ordering.
We next discuss the predictions of the present model in the context of the ββ0ν experiments
for both mass orderings. In order to estimate the value of YB, we make use of these constrained
rescaled parameters with a subtlety. For the computation of YB we need to evaluate the pa-
rameters of mD (i.e., a1,2, b1,2) and Mi separately. Since we have only constrained the rescaled
parameters, for a given set of rescaled parameters, there remains a freedom to make various
sets of independent choices for the elements of mD along with Mi. Keeping this in mind,
we explore two different numerical ways to discuss leptogenesis and its consequent outcomes.
First, we choose a specific hierarchical mass spectrum for the RH neutrinos: M2/M1 = 10
3.
Then, for a fixed value of M1, we use the entire parameter space for the rescaled parameters to
generate the elements of mD which are explicitly used to compute the final YB. This leads to
a lower bound on M1 below which YB in the observed range cannot be generated. In another
approach, instead of taking the entire rescaled parameter space, we focus only on that set of
rescaled parameters which corresponds to a positive value of YB (the sign of YB depends upon
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the rescaled parameters) and observables that lie near their best-fit values. Then by varying
M1, we generate the corresponding parameters of mD using (4.6). Here we consider the same
hierarchical scenario for the RH neutrinos as considered in the first approach. Now, for each
value of M1 and the corresponding parameters of mD, we obtain a value for the final baryon
asymmetry YB. Since YB has an observed upper and a lower bound, we end up with an upper
and a lower bound for M1 also. Finally, we provide a numerical discussion regarding the effects
of the heavy neutrino N2 on the final YB as explained analytically in the previous section. We
next present the numerical results of our analysis in much more detailed and a systematic way.
Table 2: Input values fed into the analysis [14].
Parameters sin2 θ12/10
−1 sin2 θ23/10−1 sin2 θ13/10−2 ∆m221/10−5 |∆m231|/10−3
(eV2) (eV2)
3σ ranges (NO) 2.50− 3.54 3.81− 6.15 1.90− 2.40 6.93− 7.96 2.411− 2.646
3σ ranges (IO) 2.50− 3.54 3.83− 6.36 1.90− 2.42 6.93− 7.96 2.39− 2.624
Best fit values (NO) 2.97 4.25 2.15 7.37 2.52
Best fit values (IO) 2.97 5.89 2.16 7.37 2.50
As discussed in Sec.3, there are four sets of CP violating phases for the four independent d˜
matrices. Thus we get four different plots for each mass of the orderings of the light neutrinos.
In Fig.2 we present the plots of |Mee| vs. the sum of the light neutrino masses (Σimi) for
each mass ordering. Since the lightest neutrino mass is zero in each case, the other two masses
(m2 and m3 for normal ordering and m2 and m1 for inverted ordering) get fixed in a very
narrow range by the oscillation constraints on ∆m221 and |∆m223|. It is evident from Fig.2 that
|Mee| in each plot leads to an upper limit which is beyond the reach of the GERDA phase-II.
However, predictions of our model could be probed by the combined GERDA + MAJORANA
experiments [34]. The sensitivity reach of other promising experiments such as LEGEND-200
(40 meV), LEGEND-1K (17 meV) and nEXO (9 meV) [35] are also shown in Fig.2. For each
case, the entire parameter space corresponding to an inverted neutrino mass ordering could be
ruled out by the nEXO reach.
We now come to the numerical discussion of baryogenesis via flavored leptogenesis. As
mentioned in the beginning of this section, we have performed the numerical computation
pertaining to leptogenesis in two different ways. In one way, we have taken a particular value
of M1 and compute the final YB for the entire rescaled parameter space constrained by the
oscillation data. In the second way, we have used those values of the rescaled parameters for
which the low energy neutrino observables predicted from our model lie close to their best fit
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Figure 2: Plots: |Mee| vs. Σimi for both the mass orderings.
values dictated by the oscillation data in Table 2. To facilitate this purpose, we define a
variable χ2 that measures the deviation of the parameters from their best fit values:
χ2 =
5∑
i=1
[Oi(th)−Oi(bf)
∆Oi
]2
. (7.1)
In (7.1) Oi denotes the ith neutrino oscillation observable from among ∆m221,∆m232, θ12, θ23
and θ13 and the summation runs over all such observables. The parenthetical th stands for the
numerical value of the observable predicted in our model, whereas bf denotes the best fit value
(cf. Table 2). ∆Oi in the denominator represents the measured 1σ range of Oi. Primarily
for numerical computation, we choose M2/M1 = 10
3. However, as indicated in the previous
section, we also present a detailed discussion regarding the sensitivity of YB to the chosen
hierarchy of Mi. Next, we calculate χ
2 as a function of the primed parameters for their entire
constrained range. Then, for a fixed value of M1, we choose that set of rescaled parameters
which corresponds to the minimum value of χ2 and a positive value of YB. For that particular
17
χ2 and the corresponding set of rescaled parameters, we are then able to generate a large set
of elements of mD by varying M1 over a wide range and can calculate YB for each value of M1.
An organized discussion is given in what follows.
Computation of YB for a normal mass ordering of light neutrinos:
M1 < 10
9 GeV: In this regime, all three lepton flavors (e, µ, τ) are distinguishable. Since
εe1 = 0, we need to individually evaluate ε
µ,τ
1 only. However, due to the imposed µτ antisym-
metry, two washout parameters m˜µ and m˜τ would be equal. Thus on account of the relation
in (6.16), the final baryon asymmetry YB vanishes.
109 GeV <M1 < 10
12 GeV: For the evaluation of YB here, we have to look first at the
washout parameters Kτ and K2 = Ke + Kµ. As shown in the first plot in the left panel of
Fig.3, the entire allowed range of these parameters prefers to lie in Kτ ,K2 > 1 region. Thus
the efficiency factor in (6.6) can be written in a strong wash-out scenario [29] as
η(m˜α) =
[(0.55× 10−3
m˜α
)1.16]
, (7.2)
where α = τ, 2. As elaborated in the previous section, the assumed strong hierarchy of RH
neutrinos makes the second RHS term in (6.14) much smaller than the first term. Hence the
final CP asymmetry could be simplified to the form as in (6.17) so that the final YB in (6.15)
is practically proportional to the free parameter M1. Now for a fixed value of M1, we compute
YB for the entire rescaled parameter space. In Fig.3, the variation of YB with the rescaled
parameters is shown for a representative value of M1 = 10
11 GeV. Any further lowering of the
value of M1 would cause these plots (except the first plot in the left panel) to condense along
YB axis due to the addressed proportionality of YB with M1. Thus, below a certain value of
M1, one would end up with a value for YB which is below the lower end 8.55 × 10−11 of the
observed range for the latter. We find this lower bound on M1 to be 6.21×1010 GeV for which
the peak of a YB vs θ, x1,2, y1,2 curve in Fig.3 just touches the red stripe that represents the
experimental observed range of YB.
Next, we concentrate on the other way which is a search for a set of rescaled parameters that
corresponds to the low energy neutrino observables close to their best fit values and hence the
minimum value of χ2. For this purpose, we take a particular set from the rescaled parameter
space, calculate the corresponding χ2 using (7.1) and then compute YB. We have found that
χ2min should be 0.397 for YB to be positive. A complete data set of the rescaled parameters
and corresponding values of the observables are tabulated in Table 3 for χ2min = 0.397.
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Figure 3: The first figure the left panel shows the ranges for the washout parameters. Rest of the plots
represent the variation of YB with the rescaled parameters for a representative value M1 = 10
11 GeV.
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Table 3: Parameters and observables corresponding χ2 = 0.397 for normal mass ordering.
x1 x2 y1 y2 θ χ
2
min
−0.040 −0.014 −0.01 0.155 1140 0.397
observables θ13 θ12 ∆m
2
21 × 105 |∆m31|2 × 103
χ2min = 0.397 8.42
0 33.040 7.47 (eV)2 2.55 (eV)2
Given the rescaled data set for the χ2min, M1 is varied widely to secure YB in the observed
range. For each value of M1, a set of values of the parameters in the elements of mD is gener-
ated. The final YB is then calculated for each value of M1 and the corresponding parameters
of mD. A careful surveillance of the plot in Fig.4 leads to the conclusion that we can obtain
an upper and a lower bound on M1 corresponding to the observed constraint on YB. In order
to realize this fact more clearly, two straight lines have been drawn parallel to the abscissa
in the mentioned plot: one at YB = 8.55 × 10−11 and the other at YB = 8.77 × 10−11. The
values of M1, where the straight lines connect the YB vs M1 curve, yield the allowed upper
and lower bounds on M1, namely (M1)upper = 7.35 × 1010 GeV and (M1)lower = 7.19 × 1010
GeV. Again, the near linearity of the YB vs. M1 curve in Fig.4 follows from the previously
explained approximate proportionality of YB with M1. One might also ask about the narrow
range for M1 as observed in Fig.4. Note that in this plot we have presented our result for a
particular set of rescaled parameters (with χ2min = 0.397). In principle, one could take the
entire rescaled parameter space of our model and compute the corresponding results on YB
and M1 for each set of the mentioned parameters. In that case the range of M1 would not be
as narrow as shown in Fig.4.
Figure 4: YB vs. M1 curve corresponding to χ
2
min = 0.397 for a normal mass ordering of the light
neutrinos
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M1 > 10
12 GeV: In this regime YB is zero since the flavored sum CP asymmetry parameter∑
α ε
α
1 vanishes. Obviously, YB might be generated in this regime also if one consider small
breaking of CP symmetry in the neutrino sector as discussed in Ref. [36].
Computation of YB for an inverted mass ordering of light neutrinos:
In this case also the observed range of YB cannot be generated forM1 < 10
9 GeV andM1 > 10
12
GeV owing to reasons similar to those explained in the case of a normal ordering. However,
we find that in the case of an inverted ordering, YB cannot be generated in the observed range
even if we consider a τ−flavored regime, i.e., 109 GeV < M1 < 1012 GeV. Numerically, for a
value M1 = 9.9×1011 GeV, YB is computed to be YB = 8.20×10−11. Thus from a hierarchical
leptogenesis perspective, an inverted mass ordering is disfavored in our model with a complex
(CP) extended antisymmetry.
The effect of N2 on YB
As mentioned in the previous section, there are two different ways in which the heavy RH
neutrino N2 might affect the final value of YB. In the first, which we name as the indirect
effect, the final YB becomes practically insensitive to the mass of N2 since the second term is
suppressed compared to the first term in (6.14). Now εµ1 can be written in a simpler form which
is independent of M2. c.f, (6.17); hence it does not depend the mass ratio M2/M1. However,
for a precise computation of YB, we need to consider the term neglected in (6.14); that in
turn motivates us to perform a quick check of the RH neutrino mass hierarchy sensitivity of
the produced value of YB. For this purpose, in addition to the standard hierarchical case, i.e.
M2/M1 = 10
3, we calculate YB for two other different mass hierarchical schemes, M2/M1 = 10
2
and M2/M2 = 10
4. From Fig.5 we can infer that though the chosen mass ratios of the RH
neutrinos are altered, changes in the lower and upper bounds onM1 are practically insignificant.
For the allowed normal light neutrino mass ordering, the variation of YB with M1 for different
mass ratios of the RH neutrinos has been presented in Table 4.
Table 4: Lower and upper bounds on M1 for different mass ratios of the RH neutrinos.
Case-I: Normal light neutrino ordering
Hierarchies → M2/M1 = 102 M2/M1 = 103 M2/M1 = 104
Upper bound (GeV) 7.32× 1010 7.35× 1010 7.38× 1010
Lower bound (GeV) 7.16× 1010 7.19× 1010 7.20× 1010
It is obvious from the entries of Table 4 that a slight difference in the upper and lower
bounds on M1 in a particular column, as compared to the other column, arises due the depen-
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dence of M2 on the second term in (6.14). For a fixed value of M1, the contribution from the
second term in (6.14) is larger for M2/M1 = 10
2 and smaller for M2/M1 = 10
4, as compared
to the standard M2/M1 = 10
3 case. Hence for M2/M1 = 10
2, the slope of the YB vs. M1
curve is larger than for M2/M1 = 10
3. Consequently, for the allowed range of YB, both the
upper and the lower bounds get slightly left shifted on the M1-axis (compared to the standard
M2/M1 = 10
3 case). Proceeding in the same way, we obtain somewhat right shifted bounds
for M2/M1 = 10
4 case.
Figure 5: YB vs. M1 plots corresponding to χ
2
min = 0.397 for the normal mass ordering of the light
neutrinos. The plot in the left is for M2/M1 = 10
2 and the plot in the right is for M2/M1 = 10
4.
In contrast, in the direct effect, any asymmetry produced by N2 survives provided the
conditions ∆1  1 and ∆2 6 1, cf. (6.18), are satisfied. From Fig.6 we observe that the
Figure 6: washout parameters for N2 leptogenesis
allowed parametric region prefers large values of ∆2 in excess of 10 except at the bottom
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(green band). Thus the condition ∆2 6 1 is violated in most of the region. Moreover the
χ2min = 0.397, for which we calculate final YB strongly violates ∆2 6 1 condition. A tiny
amount of parameter space with ∆2 < 10 corresponds to values of χ
2 above 0.9 which is much
higher than χ2min for which we compute YB in the observed range. Therefore, in our final result,
any direct effect of N2 is not significant. Note that there is nothing special about χ
2 = 0.9.
The issue we are trying to address here, is that there are indeed some data points in the model
parameter space for which the conditions for N2 leptogenesis could be satisfied. However, the
minimum value of χ2 for those data sets is 0.9. This means that the corresponding observables
are away from their best-fit values (though well within 1σ) and thus the obtained bounds on
M1 (e.g. Fig.4) will not be affected by N2 leptogenesis. However, if one goes beyond χ
2 ≈ 0.9,
the asymmetry produced by N2 could play a crucial role.
We would like to conclude this section by comparing our results on leptogenesis with those
obtained earlier in previous literature in case of a µτ flavored CP symmetry. Existing references
such as [12,19,36] also discuss leptogenesis within the framework of residual CP symmetry (in
particular CPµτ ) and point out the nonoccurrence of unflavored leptogenesis and only the
viability of the τ−flavored scenario similar to our proposal of a exact µτ antisymmetry in the
neutrino sector. However, the final numerical analysis is different from our case. In particular,
all the mentioned references mainly focus on the three neutrino case where one cannot fix
the Yukawa couplings only with the oscillation data. Thus any final result on leptogenesis
requires other assumptions to constrain all the Yukawas. We focus on the two RH neutrino
case, namely the minimal seesaw mechanism, where the entire Yukawa parameter (rescaled
by RH neutrino masses) space could be constrained by the neutrino oscillation data. Hence
all the results obtained, in particular for the RH neutrino masses, are exactly dictated by
the oscillation data. For a hierarchical RH mass spectrum, Ref. [19] shows a variation of YB
with a single model parameter for a fixed value of M1 and best-fit values of the oscillation
parameters. However, here we focus on the bounds on M1 for the entire parameter space as
well as the for the parameter set that corresponds to the observables which lie near to their
best-fit values. For the first case, we obtain a lower bound on M1 while in the other, we
obtain an upper as well as a lower bound on M1. In addition, we have done a thorough study
of the RH neutrino hierarchy sensitivity of the final YB and showed the possible changes in
the bounds on the lightest RH neutrino M1 for three different RH neutrino hierarchical mass
spectra. We have also showed that, for this minimal seesaw with a complex µτ antisymmetry,
the inverted mass ordering is not a viable option as far as hierarchical leptogenesis is concerned.
We are not within the framework of a Grand Unified Theory (GUT) such as SO(10), where the
lepton asymmetry generated by the next to light RH neutrino (N2), is a natural requirement
to produce correct value of YB [37, 38]. Nevertheless, we opt for fast N1 interactions which
are responsible for the survival of the lepton asymmetry generated by N2 [32]. For this CP
symmetric framework we have showed for the first time that there could be a parameter space
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left for which N2 leptogenesis might affect the final value of YB (though a rigorous study of
the N2 leptogenesis is beyond the scope of this paper). Ref. [12] concluded that for the mass
regime M1 < 10
9GeV, a resonant leptogenesis is only possible if one considers breaking in
CPµτ , since in this regime the muon and tauon washout parameters are of equal strength. In
our proposal of CPµτA also, this conclusion is true. However, as we show in the appendix,
unlike the hierarchical RH neutrino mass spectrum, RH neutrinos with a mild hierarchy could
also result in a successful leptogenesis for M1 ≈ 109GeV. We showed that an inverted mass
ordering could then be a viable option for a successful leptogenesis. We also comment on the
strength of the mild hierarchy by solving numerically the formulae for YB within the framework
of flavor diagonal RH neutrinos. In our analysis, the sign of YB depends upon the Yukawa
parameters. In this context we refer to [36] which shows how, within the framework of a CP
symmetry, the sign of YB depends upon the observables.
8 Concluding comments and discussion
In this paper the complex (CP) extension of µτ antisymmetry has been shown to yield a
MCP
µτA
ν which is simply related to M
CPµτ
ν - the Majorana mass matrix from the complex
(CP) extension of µτ symmetry with both having identical phenomenological consequences.
These phenomenological consequences of CPµτA have been worked out within a minimal seesaw
scheme with two strongly or mildly hierarchical RH neutrinos N1 and N2. We have further
investigated baryogenesis via leptogenesis in this scenario and derived upper and lower bounds
on the mass of N1.
To summarize, we have proposed a new idea, namely a complex extended µτ antisymmetry,
pertaining to the neutrino sector and have worked out its consequences. Unlike the real µτ
antisymmetry, we envisage there is no need for any breaking of it in the neutrino sector.
Atmospheric neutrino mixing is predicted to be maximal (θ23 = pi/4) in this scheme while the
solar and reactor mixing angles (θ12 and θ13 respectively) can be fit to their observed values.
Neutrino masses get generated via the minimal seesaw mechanism with two heavy right-chiral
neutrinos. The lightest neutrino is predicted to be massless while the two other neutrino
masses can be fit to the observed range of values of |∆m232| and ∆m212 both for a normal and
an inverted mass ordering. Concrete predictions are made for neutrinoless double beta decay:
the ongoing experiments are not expected to observe it though the planned nEXO experiment
may have a chance to do so. Finally, we have made a detailed quantitative examination of
baryogenesis via leptogenesis in our scheme including the indirect and direct effects of the
heavier RH neutrino N2. τ -flavored leptogenesis with a normal mass ordering turns out to
be the only viable possibility that can generate YB in the observed range in a hierarchical
leptogenesis scenario.
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A Discussion of the case with mildly hierarchical RH neutrinos
In the text we have dealt with a strongly hierarchical RH neutrino mass spectrum and found
only the τ−flavored regime to be viable in producing the correct YB for a normal light neutrino
mass ordering. Since in our chosen basis [19], RH neutrinos are nondegenerate, it would also
be interesting to study leptogenesis with a mildly hierarchical including a quasidegenerate NR
mass spectrum. We will see later in this discussion that RH neutrinos which are not strongly
hierarchical might obliterate all the new bounds on M1 that we obtained earlier.
In general, a quasidegenerate RH neutrino mass spectrum is considered for studying leptogen-
esis in a low energy seesaw scenario (resonant leptogenesis [27]); here the RH neutrinos could
have masses O(TeV). However, in our analysis, we cannot lower the RH neutrino masses be-
low 109 GeV, since that would correspond to the fully flavored regime where the two washout
parameters m˜µ and m˜τ are the same due to the imposed µτ antisymmetry, thereby implying
a vanishing YB cf.(6.16). However, depending on the chosen mild mass splitting of the RH
neutrinos, we can lower the lightest RH neutrino mass down to 109 GeV below which the
muon charged lepton flavor equilibriates. In scenarios where the RH neutrinos are not strongly
hierarchical, instead of (6.3), it is useful to use the general formula for the CP asymmetry
parameter [27] εαi as
εαi =
1
4piv2hii
∑
j 6=i
Im{hij(mD)iα(m∗D)jα}
[
f(xij) +
√
xij(1− xij)
(1− xij)2 + h2jj(16pi2v4)−1
]
+
1
4piv2hii
∑
j 6=i
(1− xij)Im{hji(mD)iα(m∗D)jα}
(1− xij)2 + h2jj(16pi2v4)−1
. (A.1)
Note that, unlike (6.3) the above equation is valid for degenerate RH neutrinos also.
Taking into account the contribution from both the RH neutrinos, we have performed a nu-
merical study to find the final YB for the lowest allowed value of M1(= 10
9GeV). It turns out
that for a normal light neutrino mass ordering, M2 could at most be ≈ 17.5M1 to produce the
observed lower bound 8.55×10−11 of YB cf.(6.1). One can see that the obtained mass spectrum
is fairly hierarchical though the hierarchy is not very strong. Of course any number smaller
than 17.5 would result in an enhancement of the produced CP asymmetry. Thus the observed
range of YB could be generated with a quasidegenerate RH mass spectrum too. Interestingly,
an inverted light neutrino mass ordering which is disfavoured for a strongly hierarchical RH
neutrino mass spectrum is now a perfectly viable scenario since we relax the strong hierarchy
assumption. Again, as in the previous case, i.e., for M1 = 10
9GeV, it is numerically found
25
that one needs M2 6 1.8M1 in order to produce the observed lower bound on YB. Note that,
unlike in the case of a normal light neutrino mass ordering, the RH neutrino mass spectrum
here favours a mild hierarchical scenario as we lower the value of M1. We could also point
out that here we have considered the flavor diagonal RH neutrinos to calculate the asymmetry.
Nevertheless, for a resonant leptogenesis scenario, a full flavor-covariant treatment might play
an important role [30].
As a concluding remark, we may mention once again that, owing to the imposed symmetry,
a fully flavored leptogenesis is not possible for M1 < 10
9GeV even if we consider strongly
degenerate RH neutrinos. Nevertheless, a small breaking of the symmetry [36], or somewhat a
more moderate version of the symmetry such as the scaling ansatz [15] will cause a deviation
from m˜µ=m˜τ cf. (6.16) and will imply a nonvanishing YB. In such cases leptogenesis with
heavily degenerate RH neutrinos (resonant leptogenesis) could be an interesting topic to study.
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